Contributed by Moungi G. Bawendi, November 12, 2014 (sent for review June 10, 2014) Multiplexed, phenotypic, intravital cytometric imaging requires novel fluorophore conjugates that have an appropriate size for long circulation and diffusion and show virtually no nonspecific binding to cells/serum while binding to cells of interest with high specificity. In addition, these conjugates must be stable and maintain a high quantum yield in the in vivo environments. Here, we show that this can be achieved using compact (∼15 nm in hydrodynamic diameter) and biocompatible quantum dot (QD) -Ab conjugates. We developed these conjugates by coupling whole mAbs to QDs coated with norbornene-displaying polyimidazole ligands using tetrazine-norbornene cycloaddition. Our QD immunoconstructs were used for in vivo single-cell labeling in bone marrow. The intravital imaging studies using a chronic calvarial bone window showed that our QD-Ab conjugates diffuse into the entire bone marrow and efficiently label single cells belonging to rare populations of hematopoietic stem and progenitor cells (Sca1 + c-Kit + cells). This in vivo cytometric technique may be useful in a wide range of structural and functional imaging to study the interactions between cells and between a cell and its environment in intact and diseased tissues.
quantum dots | in vivo imaging | single cell imaging | in vivo cytometry | multiphoton microscopy S tudying migration of individual endogenous cells and their interactions with the surrounding microenvironment in vivo would greatly help expand our knowledge on how cells behave in their complex native biological network. However, single-cell imaging of a rare population in vivo places highly stringent constraints on targeting fluorophores. First, identifying specific cell populations among various types of cells expressing overlapping surface markers demands simultaneous labeling of multiple markers, and therefore requires fluorophores with narrow emission features. Second, the size of targeting fluorophore conjugates needs to be optimized to simultaneously achieve both long blood circulation times and high diffusion in dense in vivo environments. Third, because only a small fraction of systemically administered fluorophores is delivered to the targeting sites, resulting in low signal, targeting fluorophore conjugates must emit bright signals and exhibit minimal nonspecific binding to serum proteins and cells. Fourth, targeting fluorophore conjugate samples must be free of unbound targeting molecules, because unbound targeting molecules can block target sites and yield decreased signal.
Because of the lack of such a technology, direct labeling of single cells from an endogenous rare cell population in live and nonmanipulated animal models has not been possible. Instead, researchers have used (i) immunohistochemistry (1), (ii) ex vivo (2) or intravital imaging (3) of injected target cells, which are fluorescently labeled ex vivo, or (iii) ex vivo (4) or intravital imaging (5, 6) of target cells that are genetically modified to express fluorescent markers. However, none of these methods reproduce the native microenvironment of target cells. Tissue immunohistochemistry and ex vivo imaging only provide a snapshot image of a perturbed state. Intravital imaging allows for real-time imaging but requires either genetically engineered mouse models to induce endogenous expression of fluorescence proteins in cells or irradiation of mice for marrow depletion and repopulation with systemically infused cells.
Quantum dots (QDs) possess unique optical properties that are ideal for in vivo imaging in live animals. Specifically, QDs have a tunable band gap ranging from the visible to the IR, high quantum yields (QYs), narrow and symmetric emission features, broad absorption above the band gap, large multiphoton absorption cross-sections, and high photostability (7) (8) (9) (10) . These properties make QDs amenable to optical multiplexing for simultaneous study of various targets, long-term tracking, and deep-tissue imaging using multiphoton microscopy. Despite these exciting capabilities, most imaging studies using QDs have involved either in vitro targeting or ensemble measurements of QD signals over large volumes of tissue in vivo (11) (12) (13) (14) (15) . This restriction is caused by a lack of technology for synthesizing QD conjugates that are optimal for single-cell imaging in vivo.
Here, we report the development of QD-Ab conjugates that satisfy all of the constraints described above. Moreover, we used these QD-Ab conjugates for in vivo cytometry of endogenous bone marrow cells (BMCs) in their unperturbed microenvironment. Our technique provides opportunities to study the movements of single cells and the interactions between cells and between a cell and its environment in their native states.
Synthesis and Characterization of QD-norbornenetetrazine-Ab
We previously developed polyimidazole ligands (PILs) incorporating norbornene (NBPILs) for QDs (16) . PILs (random copolymers
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One of the key questions in biology is understanding how cells move, interact, and evolve in living organisms. Tremendous efforts have been made to answer these questions in vitro, which have yielded a molecular-level understanding of cellular events. However, an increasing number of studies indicate that cellular activities need to be understood in the context of their natural environments. Single-cell labeling methods in use currently involve immunohistochemistry, genetic manipulation, or irradiation of mice, none of which reflect the native microenvironments. Here, we report quantum dot immunoconstructs that can be used for intravital imaging of single cells in unmanipulated mice and multiplexed in vivo cytometric analysis of rare cell populations.
incorporating imidazole and PEG) effectively passivate the QD surface to achieve a high QY in aqueous solution (80-90%). PIL-coated QDs show greatly enhanced stability in buffers and blood sera, because the multidentate imidazole motifs of PILs are chemically stable and exhibit a high affinity toward the Cdand Zn-rich QD surfaces (17 Purification of free antibodies from QD NBTz Ab was essential to achieve single-cell labeling in vivo. Without purification, single-cell labeling results were inconsistent, and the labeling signal intensities were extremely low. Inconsistencies and low signals were caused by free antibodies left in the conjugate solution that bind to targeting antigens on the cell surface and block the binding of QD probes. The presence of free antibodies can drastically interfere with the binding of QD probes in vivo due to the following reasons. First, systemically injected QDs are delivered to the target cells by extravasation from vessels and diffusion throughout the interstitial space, and therefore, the effective concentration of the probes around the target cells is low. Second, the hydrodynamic diameter (HD) of free antibodies (~12 nm) is slightly smaller than that of QD conjugates (15-17 nm), yielding faster extravasation and diffusion. A previous method to conjugate EGF, a 6,045-Da protein with an HD of 2.7 nm, to QDs (16) utilizes dialysis filters to purify unconjugated proteins. However, an Ab (a 150-kDa protein with an HD of 12 nm) has a similar size and charge as a QD, and therefore, it is difficult to separate the two using commonly used size-or charge-based purification methods. Instead, free antibodies were successfully purified using gradient centrifugation. Separation using this method is based on density, with denser QDs and QD-Ab conjugate moving faster than free antibodies (SI Appendix, Fig. S1 ).
The hydrodynamic size of nanomaterials influences their biological accessibility, local distribution, and clearance in a live animal, and it can affect the motion of the targeted species (12, 13, 18, 19) . To achieve sufficient transvascular permeability and interstitial diffusion, QD NB -
Tz
Ab was made as compact as possible by optimizing the incubation duration of QD NB with Tz Ab and quenching unreacted tetrazine on the antibodies using 5-norbornene-2,2-dimethanol to prevent additional aggregation. Polyimidazole ligands also contribute to the small HD of our QD conjugates, because they directly bind to the QD surface (coordinating ligands). In contrast, typical commercial water-soluble QDs are prepared by encapsulating hydrophobic QDs with amphiphilic polymers and therefore, display higher HD. Dynamic light scattering measurements show that both QD 612 NB and QD 612 NB -Tz Ab were more compact than commercial Qdot 625 and Qdot 625-Ab (Life Technologies) ( Fig. 1B and Table 1 ).
Charge has a major effect on the transport behavior of nanoparticles in vivo and in vitro (20) . A high surface charge, either positive or negative, tends to trigger nonspecific uptake of the particles by macrophages and results in more accumulation of the particles in the liver than in the targeting region after systemic administration. ζ-Potential measurements indicate that the surfaces of our QD NB and QD NB -Tz Ab conjugates were moderately negative ( Fig. 1C and SI Appendix, Table S2 ).
Minimizing nonspecific protein adsorption on nanoparticles is critical for single-cell targeting in vivo. Nonspecific protein adsorption on particles not only hinders the application of the particles to specific targeting but also, can trigger unwanted biological responses in vivo. The level of nonspecific interaction of our QD probes with serum proteins was evaluated by incubating QD NB emitting at 612 nm (QD 612 NB ) in FBS at 37°C for 4 h and monitoring the size change. The sizes of the QDs before and after incubation were measured using fluorescence correlation spectroscopy (SI Appendix, Fig. S2 and Table S5 ) and dynamic light scattering. As shown in Table 1 , the HD of QD 612 NB did not change after incubation in serum, indicating that QD 612 NB does not absorb serum proteins nonspecifically. In contrast, commercial Qdot 625 (Life Technologies) showed a significant size increase after serum incubation (Table 1) .
In Vitro Specificity Study
The targeting specificity of QD NB -Tz Ab was first tested in vitro using flow cytometry (Fig. 2) (SI Appendix, Fig. S8 ). We then incubated the PBMNCs with QD 612 NBTz Ab(CD45), a leukocyte marker. After incubation, >75% of the PBMNCs showed high intensity of the QD 612 emission ( Fig. 2A, Center) Ab(c-Kit), which are used for single-cell imaging in vivo, was also tested similarly with viable BMCs that were extracted from tibia and femur bones of FVB mice. As expected, a good correlation between the signal from QD NBTz Ab and commercial antibodies was observed (Fig. 2B) . Of note, the expression level of antigens varies significantly depending on both the type of antigen and the cell type. Therefore, in some cases, antigen-positive cells are clearly distinguishable from antigen-negative cells ( Fig. 2A) , whereas in the other cases, the antigen expression level is rather continuous (Fig. 2B) .
In Vivo Specificity Study and Optimization of the Ratio Between QDs and Abs Before proceeding to single-cell labeling, we tested the in vivo specificity of our QD-Ab conjugates by labeling blood vessels, which are mesoscale objects. For the in vivo specificity test, QDs or QD-Ab conjugates were administered through systemic injection in the retro-orbital sinus to Tie2 GFP/FVB transgenic mice, which selectively express GFPs in endothelial cells, and the blood vessels were imaged through a mammary fat pad window using a multiphoton microscope. NBTz Ab(CD31) toward endothelial cells (Fig. 3 E and F) .
The performance of QD NBTz Ab samples with different ratios between QDs and Abs was evaluated to achieve bright and stable labeling signal in the vessel-labeling study. QD-Ab conjugates containing a higher number of QDs are expected to yield a brighter signal; however, a high number of QDs per Ab may increase the chance of detachment of QD NBTz Ab from the labeled objects by perturbing the binding kinetics (lower affinity) or triggering unexpected effects in vivo. To find the best ratio, we synthesized QD NB -Tz Ab(CD31) with QD to Ab(CD31) ratios of 3:1, 1:1, and 1:3 and analyzed the intensity and pattern of the labeling signals. As shown in Fig. 3 E and F and SI Appendix, Fig.  S13 , QD 612 NB -Tz Ab(CD31) with all three ratios specifically labeled the GFP + vascular endothelium from 3 to 4 h up to 24 h after systemic injection. After 24 h, the QD signal from the vessels was still visible, but the observed pattern became more punctate. The punctate staining pattern may be caused by either endocytosis of the QD 612 NBTz Ab(CD31) into endothelial cells or detachment of the probe because of low affinity. The analyses of the labeling intensities of vessels illustrate that the signal was greater for QD NBTz Ab(CD31) having a higher ratio of QDs but that the punctate pattern was also more dominant (SI Appendix, Figs. S14 and S15). To achieve a balance between signal intensity and signal stability, we chose the QD NBTz Ab with the QD:Ab ratio of 1:1 for in vivo cytometry experiments.
Multiplexed Single-Cell Imaging in Vivo We used our newly developed QD NBTz Ab to show the imaging of single cells from an endogenous rare population in unmanipulated mice. As an example of rare cells, Sca1 environments have been challenging because of the lack of appropriate methodologies (22) . Recently, a method combining laser-scanning cytometry on tissue sections and confocal/multiphoton microscopy on thick femoral bone marrow slices was reported to study distribution patterns and the oxygenation status of stem cell niches in the entire femoral bone marrow (23) . However, even this method used bone sectioning followed by ex vivo imaging. Our single cell-labeling method enables single Sca1 (Fig. 4A) . To target cells in vivo, the Ab probes used in step i need to extravasate from vessels and diffuse throughout the interstitial space. In contrast, Ab(CD45)-PE/Cy7 used in step iv is directly incubated with BMCs and therefore, labels all CD45 + BMCs. Fig. 4 B and C shows the flow cytometry results on entire BMCs that have gone through the procedures described above. The horizontal axis in Fig. 4 Fig. 4B) and Ab(CD45)-APC (Fig. 4C) . In Fig. 4B + BMCs in Fig. 4C . This bimodal distribution indicates that Ab(CD45)-APC did not label >30% of CD45 + BMCs (Fig. 4C) . Considering that the same amount of Ab was injected in both experiments (100 μg), we can conclude that QD 612 NBTz Ab(CD45) is more efficient in labeling CD45 + BMCs than Ab(CD45)-APC. The higher population of observed labeled cells using QD immunoconstructs than using commercial antibodies may be explained by the higher optical absorption coefficient of QDs. Because of their high absorption coefficient, we expect that fewer QD conjugates are required for visualizing single cells in vivo than commercial antibodies. Based on our diffusion study, we claim that it is easier to detect cells that are distant from vessels using our QD conjugates than commercial antibodies. Differences in the deep tissue-labeling performance between the QD conjugates and the dye-labeled antibodies are even more extreme for multiphoton microscopy, because the multiphoton action cross-section is at least two orders of magnitude lower for organic dyes than for QDs (24) . Labeling of single cells from rare populations of hematopoietic stem and progenitor cells was successfully achieved using our QD immunoconstructs and multiphoton microscopy. Multiphoton microscopy was used to increase the imaging depth and minimize cell damage and background signals. As imaging probes, QD 570 NBTz Ab(c-Kit) and QD 612 NBTz Ab(Sca-1) (popular cell markers for hematopoietic stem and progenitor cells), QD 800 NBTz Ab(IgG) (nonspecific control), and Hoechst 33342 (a DNA-binding dye that labels most of the cells in the bone marrow) were injected retro-orbitally in mice. Contrastenhanced angiography was used to detect the bone marrow vessels, and second harmonic generation microscopy was used to image the bone (3) (Fig. 5) . Intravital multiphoton microscopy imaging was performed 24 h after the injection of the QD NBTz Ab when unbound QD NBTz Ab was completely cleared from the blood circulation and the bone marrow interstitial space (25) . Twenty-four hours after the injection, we observed that ∼0.3% of cells within the bone marrow were labeled with QD (Fig. 5 and SI Appendix, Figs. S19-S21 ). To confirm that we labeled all Sca1 + c-Kit + cells from BMCs, we extracted BMCs from tibia and femur bones, stained them with Ab(Sca-1)-PE/Cy7 and Ab(c-Kit)-APC/Cy7 ex vivo, and analyzed Ab(c-Kit) in vivo, which were ∼3%, ∼1.7%, and ∼0.3%, respectively. The consistency between in vitro and in vivo studies shows that our QD-Ab conjugates specifically and accurately label cells in vivo. Note that these population percentages are calculated from entire BMCs and not from Lineage − BMCs. A detailed method for processing raw images and identifying Sca1 + c-Kit + cells is described in SI Appendix, Fig. 19 . In addition, we were able to track single cells in calvarial bone marrow for an extended period (>3 h). Movie S1 shows a stably bound intravascular Sca1 + c-Kit + cell interacting with a rolling WBC.
Lastly, we proved that the color or the composition of the QDs does not affect the quality of the imaging by labeling Sca1 
Conclusions
For single endogenous cell labeling for microscopy imaging in animals, fluorescent probes are administered systemically and delivered to the target site through extravasation and diffusion. Because the delivery determines the effective concentration of the probes available for cell targeting, fluorophores for single-cell tracking should meet highly strict criteria, such as compact size, neutral charge, high brightness, high purity, and extremely low nonspecific interactions with biomolecules. These design rules are much more stringent than those for commonly used in vitro probes, where the probes are delivered to target cells by direct incubation. For in vitro labeling, the lack of nonspecific binding to serum/cell and the high purity of the probes are less critical owing to intense signals from the high concentration of labeling probes. The size of the probes is also not as critical as it is for in vivo labeling, where diffusion in the dense in vivo environment must be efficient to reach target cells. Because of the strict requirements for single cell-labeling probes in vivo, the development of such fluorophores requires innovation and rigorous characterization. Here, we present QDAb conjugates that (i) are easily and efficiently derivable with targeting molecules or secondary reporters, (ii) display high stability and maintain a high QY in complex in vivo environments, (iii) possess minimal nonspecific cell/serum binding, (iv) exhibit long circulation half-life for enhanced delivery to target sites, (v) are purified thoroughly from unbound targeting molecules, because free-targeting molecules can block target sites and yield a significantly decreased QD signal, (vi) have a compact size for enhanced diffusion throughout dense in vivo environments, and (vii) have narrow emission for multiplexed imaging. QD NBTz Ab conjugates bind specifically to cellular antigens both in vitro and in vivo and perform better than the commercial antibodies that we tested to label BMCs after systemic injection. Our in vivo microscopy imaging results show the applicability of QD-Ab conjugates for multiplexed in vivo cytrometric imaging of endogenous rare cells in unmanipulated mice. Note that the QD probes have several advantages over fluorescently labeled commercial Abs. Commercial fluorescent Abs use organic dyes (e.g., Phycobilins and Cy7) as chromophores, and there are many disadvantages associated with organic dyes, such as small multiphoton action cross-section, low photostability under intense illumination, and asymmetric emission with red tails.
This technique offers new possibilities to study single-cell interactions and responses and their microenvironments in live animals. First, intense and stable fluorescent signal of QDs allows long-term tracking of single cells in intact or diseased tissues in vivo. Second, our technique can be applied to unmanipulated animals as opposed to genetically modified, immunodeficient, or preirradiated mice. This method may be useful for the functional analysis of single endogenous cells in their native environments, such as measuring the oxygen level, glucose concentration, or local mechanical stress near the cell of interest. Oxygen measurements in the bone marrow and the Ska-1 + c-Kit + cell niche will be presented elsewhere. Third, the high photostability of QDs allows for FRET studies in vivo for extended periods, which can be used to study the microenvironments of target cells and cellular interactions. High photostability is essential for FRET studies to maintain the QY of donors and acceptors constant. Fourth, the technique described here can be extended to single-cell imaging in deep tissues or highly scattering environments by the use of NIR/IR QD-Ab conjugates. QDs are especially useful for NIR/IR imaging, because NIR/IR dyes display limited QY and orders of magnitude lower photostability (26, 27) . The challenges addressed and overcome in this paper are not limited to QDs. Our work provides insights for the rational design of any nanoconstructs for in vivo applications. Ab conjugates, flow cytometry (including gating and compensation strategies), preparation of chronic bone marrow window, intravital multiphoton imaging, physiological monitoring of mice during intravital microscopy, and image analysis.
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